An important question in the context of the 3D organization of chromosomes is the mechanism of formation of large loops between distant base pairs. Recent experiments suggest that the formation of loops might be mediated by Loop Extrusion Factor proteins like cohesin. Experiments on cohesin have shown that cohesins walk diffusively on the DNA, and that nucleosomes act as obstacles to the diffusion, lowering the permeability and hence reducing the effective diffusion constant. An estimation of the times required to form the loops of typical sizes seen in Hi-C experiments using these low effective diffusion constants leads to times that are unphysically large. The puzzle then is the following, how does a cohesin molecule diffusing on the DNA backbone achieve speeds necessary to form the large loops seen in experiments? We propose a simple answer to this puzzle, and show that while at low densities, nucleosomes act as barriers to cohesin diffusion, beyond a certain concentration, they can reduce loop formation times due to a subtle interplay between the nucleosome size and the mean linker length. This effect is further enhanced on considering stochastic binding kinetics of nucleosomes on the DNA backbone, and leads to predictions of lower loop formation times than might be expected from a naive obstacle picture of nucleosomes. 2 structure inside the nucleus remains an important open question [16, 40, 41, 62]. An 3 ubiquitous structural motif, as observed through 14, 25, 47] and other 4 experiments [34, 36, 50] are the formation of large loops, ranging from kilobases to 5 megabases. These loops play both a structural as well as functional roles, bringing 6 together regions of the DNA that are widely spaced along the backbone [1, 9, 35]. In 7 recent years, much work has been done in trying to understand the mechanism of 8 formation of these large loops. There is now a significant body of experimental 9 observations that implicate a class of proteins called the Structural maintenance of 10 chromosome (SMC) protein complexes -such as cohesin and condensin in the formation 11 and maintenance of these large chromosomal loops [19, 20, 28, 33, 54, 55, 58, 59, 64]. 12 Structural maintenance of chromosome (SMC) protein complexes are known to play 13 a major role in chromosome segregation in interphase and mitosis . Both cohesin and 14 condensin consists of SMC subunits and share structural similarities. SMC subunits 15 1/15 (SMC1, SMC3 in cohesin and SMC2, SMC4 in condensin) fold back on themselves to 16 form approximately a 50nm long arm. These two arms are then connected at one end 17 by a hinge domain and other two ends which have ATPase activity are connected by a 18 kleisin subunit (RAD21 in cohesin and condensin-associated protein H2 [CAPH2] in 19
The principles behind the organization of chromatin into a three-dimensional folded size of the cohesin ring implies that obstacles in the path of this diffusive trajectory can 48 slow down the motion of cohesin. In particular, nucleosomes were found to act as 49 obstacles to the diffusion of cohesin, and lowered the effective diffusion coefficient [57] . 50 In-vitroexperiments with a dense array of static nucleosomes have observed that the 51 cohesin becomes almost static, and the estimated diffusive loop formation speeds at 52 these high nucleosome densities was 7kb per hour [57] , entirely too slow for the 53 formation of the large loops that are seen in Hi-C experiments [15, 29, 44, 50] . In addition, 54 While these certain external active proteins such as FtSz can drive cohesin actively 55 along the backbone, the lifetime of these proteins are very small, unlike the topologically 56 bound cohesin, and hence they cannot lead to persistent active motion of cohesin [57] . 57 These experimental observations posit an interesting puzzle. Cohesin motion along 58 the DNA appears to be purely diffusive, and the estimated diffusion coefficient seems 59 incompatible with the formation of large loops. We investigate whether we can recover 60 the fast loop formation times observed in experiments within the framework of passive, 61 diffusive motion of cohesin. We show that the finite size of the nucleosome obstacles 62 introduces an additional length scale in the system, and an interplay of this with the 63 linker length can lead to non-monotonic looping times with varying nucleosome density. 64 We report a regime where addition of nucleosomes can speed up the looping process, Model 68 We consider only the one-dimensional diffusion of cohesin on chromatin. The DNA 69 backbone is modeled as a one dimensional lattice of length L. The two subunits of the 70 cohesin-chromatin complex (either within the same ring or within different cohesin 71 rings) are modeled as two random walkers (RWs) that perform diffusive motion on this 72 1D lattice. The two cohesin subunits initally bind at neighboring sites on the DNA, and 73 then start to drift apart due to diffusion. The length of the DNA between the subunits 74 corresponds to the instantaneous size of the loop extruded. The two subunits cannot 75 occupy the same site, with a loop of size zero corresponding to the situation when the 76 subunits occupy neighbouring sites. The two ends of the DNA lattice correspond to the 77 terminal points of the loop, and can biologically correspond to CTCF motifs which are 78 known to act as endpoints for loop formation [5, 11, 23, 52, 53] . In the context of our 79 model, this is represented by absorbing boundary conditions at x = 0 and x = L.
80
Nucleosomes are modeled as extended objects in one dimension that cover and 81 occlude d = 150 sites on the DNA lattice. Motivated by the experimental 82 characterizations of motion of cohesin on nucleosome-bound DNA, we consider 83 nucleosomes as barriers that reduce the local hopping rate of the cohesin rings. For a 84 cohesin subunit present at a bulk site (no nucleosome on either side), the discrete 85 master equation can then be written as,
where, P (n, t) denotes the probability for the cohesin subunit to be at site n at time 87 t. The hopping rate for cohesin in the bulk is denoted by p. At a site r which has a 88 nucleosome to it's right, the time evolution of the occupation probability can be written 89 as,
while for a site l that has a nucleosome to its left, we have, Figure 3 . The normalised effective diffusivity, D eff /D 0 . as a function of linker length on a lattice with L = 30kbp. D 0 represents the diffusivity on an empty DNA lattice (no nucleosomes). The different curves correspond to the same cases as described in Fig. 2 .
The non-monotonicity of the looping times is also reflected in the effective diffusivity, with a region where the diffusivity increases with increasing nucleosome number. itself, ∆ d, reducing the nucleosome spacing ∆ decreases the loop formation time, and 122 hence increases the effective diffusivity. At the densest configuration of nucleosomes, the 123 first passage time can reduce by two orders of magnitude from the slowest case at ∆ = d, 124 and correspondingly, the diffusion coefficient can increase by two orders of magnitude. 125 In order to obtain an theoretical understanding of the non-monotonicity of the loop 126 formation times, and hence effective diffusivities, we solve the looping problem for a 127 single cohesin subunit (RW). The mean looping time or the mean first passage time 128 (MFPT) for a single diffusing walker starting from a bulk site k in a lattice of length L, 129 T k,L can be written as a recursion relation,
while, for a site that has a nucleosome to the right,
and for a site l that has a nucleosome to the left, blue curve and solid green curve). The non-monotonicity of the looping time and hence 140 the effective diffusion coefficient is thus an integral feature of this random walk process 141 in one dimension in the presence of extended barriers.
142
Physically, this can be understood as follows -the extended barriers pose an effective 143 energy barrier that the cohesin subunit must overcome. Competing with this energy 144 cost, there is also the entropic cost that is associated with the hopping of cohesin on the 145 linker region between two nucleosomes. The effective free energy barrier is highest when 146 the length of the nucleosome is comparable to the mean length of the linker DNA, 147 leading to large escape times in this region. For linker lengths smaller than this critical 148 value, the attempt rate for barrier crossing increases as the linker region shrinks, leads 149 to faster barrier crossings and hence smaller looping times. This was verified explicitly 150 by changing the nucleosome size in our simulations, and the largest loop formation time 151 was always obtained when the mean linker length was equal to the assumed nucleosome 152 size.
153
In addition to the mean loop formation time, we also calculate distributions of 154 looping times. The distributions are shown in (Fig. 4) for three different values of the 155 linker length. The looping time distribution is unimodal, with a peak at a finite looping 156 time, and falls off exponentially as t → ∞. The non-monotonic nature of the mean being shifted to the right when the linker length becomes comparable to the size of the 159 nucleosome, as can be seen for the case of ∆ = 150bp in Fig. 4 (red curve). For linker 160 lengths either smaller or larger than the nucleosome size, the distribution shifts to the 161 left, commensurate with the observation of smaller loop formation times in these cases. 162 This is a generic feature for this problem of 1D random walks with extended barriers in 163 one-dimension, and continues to hold true for a single random walker. without any oscillations (see Fig. 5inset ).
210
We plot the survival probability S(t), defined as the probability that at least one of 211 the two cohesin subunits survives till time t, as a function of time for a finite lattice and 212 for a periodic lattice for two different lattice sizes (L = 3000bp and L = 10000bp) for a 213 nucleosome unbinding rate of k off = 0.01/s. We plot the survival probabilities using a 214 ensemble cloning scheme (see Methods for details) in order to reliably access the tails of 215 the distributions. As shown in Fig. 5 , the difference in the survival probability 216 distributions in the presence and absence of statistical positioning is relatively minor, 217 showing that the nucleosome kinetics is primarily responsible for the small looping times 218 for dynamic nucleosomes. However, the distribution for the case of periodic boundary 219 conditions (when there is no effect of statistical positioning) consistently lies above the 220 curve for the finite lattice. The mean looping times can be derived from the survival 
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Although our work suggests that looping time scales non-monotonically with the 234 mean inter-nucleosome spacing (or equivalently, with k off for dynamic nucleosomes), for 235 a fixed value of ∆ (or k off ), the mean loop formation time scales with the lattice size as 236 L 2 , as expected from diffusive transport. This is shown on Fig. 6 for different values of 237 ∆ for static nucleosomes, and for k off = 100/s for dynamic nucleosomes.
238
Based on this analysis, we can now estimate looping speeds as predicted by this densities. These observations were made for a DNA strand of 48.5kbp containing 10-50 264 nucleosomes [57]. These correspond to mean linker lengths between ∼ 800 − 5000bp, in 265 which regime our model predicts extreme slowdown of cohesin diffusion, consistent with 266 observations. In order to verify the non-monotonic nature, we would need to observe an 267 even higher density nucleosomal array, with 200 nucleosomes on a 48.5kbp DNA strand. 268 Further, we illustrate how binding and unbinding of nucleosomes from the DNA In case of static nucleosomes, nucleosomes are placed on the DNA lattice maintaining a certain 315 constant linker length (∆) between two consecutive nucleosomes. We verified that our results 316 do not change if the nucleosomes are positioned randomly keeping the mean linker length to be 317 the same. The two cohesin subunits, modeled as two RWs are initialized at two consecutive 318 lattice sites near the middle of the lattice. At each timestep, we first choose one of the two 319 subunits randomly, and update its position in accordance with the hopping rates p (if the 320 subunit is not adjacent to a nucleosome) or q (if the subunit occupies a site adjacent to a 321 nucleosome). We then repeat this for the other cohesin subunit. The two subunits are not 322 allowed to occupy the same lattice site. We record the times tL and tR when the left and right 323 RWs get absorbed at the boundaries. The looping time t loop is the maximum of these two 324 times. The simulation is repeated for 1000 ensembles in order to obtain the mean looping time. 325
Dynamic nucleosomes:

326
In the case of dynamic nucleosomes, nucleosomes bind and unbind to the DNA lattice 327 stochastically. We choose a fixed binding rate (kon) = 12/s [49, 51, 63] while the unbinding rate 328 (k off ) is varied in order to achieve different mean linker lengths. We first allow the system to 329 reach a steady state nucleosomal occupancy in the absence of cohesin. Once the system reaches 330 steady state, we position the cohesin subunits near the midpoint of the lattice. At each 331 timestep, we choose the N+2 entities (N number of nucleosomes and two RWs) in random 332 order. If a bound nucleosome is picked, it can unbind from the DNA with a rate k of f ; if an 333 unbound nucleosome is picked, it can bind to the DNA with a rate kon. If either of the cohesin 334 subunits are picked, they hop to an adjacent empty lattice site with a rate p or hop across a 335 nucleosome with a rate q. The system evolves until both the cohesin subunits are absorbed at 336 the two lattice boundaries. We again note the looping time t loop and the mean looping time is 337 obtained after averaging over ∼ 1000 such ensembles, as before.
338
Ensemble cloning:
339
In order to access the tails of the first passage (and survival probability) distributions, we use 340 an ensemble cloning scheme, which can access these regions to a high degree of 341 accuracy [37, 45]. As shown in Fig. 7 , we start with 1000 distinct initial configurations at t = 0 342 and then allow all the 1000 systems to evolve for a time T . After this time T , in some systems 343 both the RWs reach the end points of the lattice and are absorbed yielding a looping time t loop . 344 In the remaining systems at least one of the RWs survives. We then clone these surviving 345 systems to bring back the total number of systems to 1000 and again evolve for a time T . We 346 repeat this procedure until we reach a desired accuracy for the survival probability. Schematic of the ensemble cloning scheme used to estimate survival probabilities.
